Human adenoviruses (HAdVs) have been related to several waterborne diseases such as acute gastroenteritis, conjunctivitis, and respiratory illness, and it has been shown that an important human exposure pathway is through recreational waters. However, HAdV occurrence at recreational freshwater beaches has not been previously investigated. In this study, a total of 58 water samples were collected from two recreational beaches on Lake Michigan ( 
Recently, there has been much attention given to emerging viruses because of their low infectious dose, survival in water, and considerable health impacts (from diarrhea to death). Human adenoviruses (HAdVs) have been considered critical emerging viruses since the potential health risks associated with their waterborne transmission were noticed by the scientific community (18, 48) . The HAdV serotypes 40 and 41 (HAdV40 and HAdV41, respectively) are critical etiological agents of viral gastroenteritis in children (12, 51) . Adenoviruses are currently included in the contaminant candidate list of the U.S. Environmental Protection Agency. Waterborne outbreaks caused by or associated with HAdVs (e.g., acute gastroenteritis and conjunctivitis) have been documented (mostly in recreational swimming pools) (35, 37, 50, 54) . Yet the occurrence of HAdVs in freshwater at recreational lake beaches has not been widely examined.
The use of reliable methods to precisely detect HAdVs is essential, particularly when human risk of exposure is assessed. Molecular methods have been applied to the detection of viruses due to their advantages of high speed, specificity, and sensitivity. Because HAdVs (especially types 40 and 41) do not produce consistent cytopathic effects in cell cultures, the use of cultivation-independent molecular techniques is even more crucial. Many PCR primer pairs have been designed and used to target the hexon gene of HAdVs in diverse water sources using conventional, nested, and/or multiplex PCR (2, 3, 5, 6, 13, 24, 32, 33, 34, 41, 44, 46, 53, 57) . In addition, integrated cell culture PCR (ICC-PCR) techniques have been used to detect infectious HAdV (7, 9, 21, 29, 43) . However, these methods do not allow direct quantification of HAdVs, impeding their relevance to health risk assessment (10) . The latest advancement in molecular methods is the development of quantitative realtime PCR that relies upon the detection and quantification of a fluorescent reporter (e.g., 6-carboxyfluorescein [FAM] , hexachloro-6-carboxyfluorescein, or 6-carboxytetramethylrhodamine) for which the signal intensity increase is proportional to the amount of PCR product amplified in the reaction. Until now, several hexon-based real-time PCR assays have been developed to detect generic HAdVs or particular HAdV groups (11, 16, 22, 23, 24, 26, 33) . However, only a limited number of the presented assays have been applied to examine environmental water samples (22, 23, 24) .
Although HAdVs have frequently been identified in various environments such as wastewater (19, 22, 39, 41) , drinking waters (20, 30, 31, 55) , groundwater (28, 40) , surface waters (7, 15, 17, 25, 42, 44) , and pool recreational waters (35, 38, 50, 54) , quantitative information for HAdV occurrence at public lake beaches is still insufficient. The overall goal of this study was to gain insight into HAdV abundance in freshwaters at two popular recreational beaches on Lake Michigan using quantitative PCR assays. This investigation provides HAdV data for quantifying exposures and thus could be used in the future for assessing risks associated with recreational activities at Great Lakes beaches, with the long-term aim of preventing transmission of HAdV-related diseases.
MATERIALS AND METHODS
Sampling location. Two recreational beaches (i.e., Silver Beach and Washington Park Beach) located on Lake Michigan were selected to assess the occurrence of HAdVs. Washington Park Beach is located at Michigan City, IN, with a public beach area of approximately 1,100 m wide. Beach water samples were taken at three sites (approximately 120 m apart) within a 360-m stretch that experienced the most foot traffic. Silver Beach is located at St. Joseph, MI. The public beach is approximately 600 m wide. Sampling was carried out at three positions inside a stretch of approximately 270 m which had the most foot traffic.
Sample collection, concentration, and elution. For HAdV analysis, a total of 58 samples were collected from the two recreational beaches based on a concentration-elution approach (14, 52) . Each sample represented a composite of lake water from three spatial locations. At each spatial location, 80 to 120 liters of lake water was first pumped into a clean 20-gal plastic barrel (disinfected previously with chlorine and neutralized with sodium thiosulfate), and the sample's pH was adjusted to a neutral level of 7.0 to 7.5 using 5 N hydrochloric acid. The beach waters from the three sampling sites were then sequentially filtered through a 1MDS filer to give a total sample volume of 250 to 350 liters. All filtered viral samples were held on ice, transported to the Water Quality Laboratory at Michigan State University, and eluted within 72 h.
Virus elution and further concentration were carried out by organic flocculation as modified from the U.S. Environmental Protection Agency's virus monitoring protocol for the Information Collection Requirements Rule (52) . Briefly, the filters were backwashed twice with 0.5 liters of beef extract solution (1.5% [wt/vol] beef extract, 0.05 M glycine, pH 9.0 to 9.5) to elute absorbed viral particles. Subsequently, the eluates were flocculated by adding ferric chloride to a final concentration of 2.5 mM and by lowering the solution pH to 3.5 (38, 52) . The flocs were collected by centrifugation at 2,500 ϫ g for 15 min and resuspended in 30 ml of 0.15 M sodium phosphate (final pH of 9.0). The redissolved precipitates were centrifuged at 10,000 ϫ g for 10 min. Finally, the supernatants (approximately 30 ml) were collected (pellet was discarded), neutralized (pH 7.0 to 7.5) with 1 M HCl, supplemented with 100 units of penicillin, 100 g of streptomycin, and 0.25 g of fungizone, and stored in aliquots at Ϫ80°C until analyses were conducted.
Nucleic acid extraction. Viral nucleic acids were extracted from the concentrated lake samples and from the infected cell culture using a QIAamp Viral RNA Mini Kit (Qiagen, Valencia, CA) based on the spin protocol listed in the manufacturer's handbook. Several HAdV-positive samples were reextracted using two modified methods to attempt to eliminate environmental inhibitors with applications of extra washes for lysates prior to nucleic acid elution or for viral samples embedded in low-melting-point (LMP) agarose before lysis. Briefly, the lysates were further washed with 500 ml of 99.9% ethanol twice after the regular washing steps of the QIAamp protocol. Alternatively, the concentrated lake samples were embedded in 1 volume (i.e., 330 l) of 1.6% (wt/vol) LMP agarose according to the conceptual approach of a previous publication (36) . The solidified agarose blocks were washed twice with 1 ml of 1ϫ Tris-EDTA buffer by shaking horizontally at 100 rpm for 1 h, and then the QIAamp protocol to extract viral nucleic acids was used. In addition, several selected extracts (which tested positive in real-time PCR) were further treated with ethanol precipitation (45) , InhibitEX tablets (QIAamp DNA Stool mini kit; Qiagen, Valencia, CA), and a nucleic acid binding matrix solution (FastDNA kit; Qbiogene Inc., Morgan Irvine, CA) in order to eliminate possible environmental inhibitors that might adversely effect real-time PCR efficiency. All the extracts were stored in a freezer at Ϫ20°C for further detection.
Real-time PCR primers and probes. The generic primers and TaqMan probe used for quantification of HAdVs were forward primer JTVXF (GGA-CGC-CTC-GGA-GTA-CCT-GAG), reverse primer JTVXR (ACI-GTG-GGG-TTT-CTG-AAC-TTG-TT), and probe JTVXP (6-FAM-CTG-GTG-CAG-TTC-GCC-CGT-GCC-A-BHQ) (26) . This JTVXP assay amplifies 96 bp of hexon gene. Additionally, the hexon gene of F species HAdV (i.e., serotypes 40 and 41) was quantified with another real-time PCR assay using a primer/ probe set modified from Jiang's (i.e., f-AD157/p-AD196/r-AD245) (24) . The reverse primer and TaqMan probe were modified to enhance specificity according to the alignment of hexon gene sequences for the HAdV F species (GenBank accession numbers NC_001454, L19443, X51782, X51783, and D13781). The adapted primer/probe set is forward primer HAdV-F4041-hex157f (ACC-CAC-GAT-GTA-ACC-ACA-GAC), reverse primer (for serotype 40) HAdV-F40-hex245r (ACT-TTG-TAA-GAG-TAG-GCG-GTT-TC), reverse primer (for serotype 41) HAdV-F41-hex246r (CAC-TTT-GTA-AGA-ATA-AGC-GGT-GTC), and TaqMan probe HAdV-F4041-hex214rprobe (6-FAM-CGA-CKG-GCA-CGA-AKC-GCA-GCG-T-BHQ-1). This assay amplifies 88 to 89 bp of the hexon gene.
For sequence comparison in this study, 64 hexon gene sequences (Table 1 ) obtained from the National Center for Biotechnology Information GenBank were aligned using CLUSTAL X software (49) . Sequences of seven published real-time PCR primer/probe sets (Table 2) were compared with these hexon gene sequences to assess their specificities. Furthermore, the published primers and probes were evaluated and/or modified according to the typical design guidelines provided by Applied Biosystems (Foster City, CA).
Quantitative real-time PCR assays. A section of HAdV40 hexon gene (ϳ380 bp) was PCR amplified using a published primer set specific for HAdV40 (26) . The amplicon was subsequently cloned into plasmid vector (pCR4-TOPO) based on the one-shot chemical transformation described in the manufacturer's instruc- 
Both real-time PCR assays were performed in a Roche LightCycler 1.5 instrument (Roche Applied Sciences, Indianapolis, IN). The samples (i.e., viral DNA extracts) and standards were each run at least in triplicate. All PCR runs included a negative control reaction mixture (PCR-grade H 2 O without template) and a positive control reaction mixture. The crossing point (Cp) of each PCR was automatically determined by the LightCycler program, version 4.0, and was used to calculate the hexon gene concentration. The concentrations of HAdVs in the lake water samples from the studied recreational beaches were normalized from hexon gene copies per liter to virus particles per liter (lake beach water) using a ratio of one (i.e., each HAdV viral particle consists of one copy of the hexon gene) (47) .
After the real-time PCR runs, the PCR products of positive samples were run in a gel to evaluate the integrities of the amplicons. Then, the target bands (i.e., ϳ100 bp) were cut out, purified, and sent for sequencing. The sequences were compared with hexon gene sequences in the GenBank database using the BLAST (Basic Local Alignment Search Tool) program (4). (52) , with minor modifications. Briefly, the BGM cells were grown in flasks until at least 70 to 90% confluence was obtained. Virus concentrates were added to the flasks and incubated at 36.5 Ϯ 1°C for 2 h with occasional rocking to ensure complete contact between the cells and viral particles. After the growth medium was decanted and discarded, the cells were washed with Dulbecco's phosphatebuffered saline. Cells were maintained with minimum essential medium supplemented with L-glutamine, Earle's salts, and 2% fetal bovine serum. The developments of cytopathic effects (indicative of a viral infection) in the cell cultures were monitored for up to 14 days. Presence or absence of cytopathic effects was confirmed by performing a secondary passage for each flask. The cell culture was used to perform PCR screening for HAdVs using hexAA1885/hexAA1913 and nehexAA1893/nehexAA1905 primer sets (1, 3, 7, 41) . The PCR mix consisted of 1 unit of Hotstart Taq polymerase, 1.5 mM MgCl 2 , 1ϫ PCR buffer, 1ϫ Qsolution, a 0.5 M concentration of each primer, and a 0.5 mM concentration of each deoxynucleoside triphosphate. The PCR thermocycler settings were 95°C for 15 min, followed by 35 cycles at 95°C for 0.5 min, 57°C for 0.5 min, and 72°C for 0.5 min, with a final elongation step of 72°C for 5 min. The PCR products were separated on a 1.5% agarose gel stained with GelStar nucleic acid stain (BioWhittaker, Walkersville, MD) and viewed under UV light.
RESULTS

Evaluation of real-time PCR assays and inhibition control.
To date, several hexon-based real-time PCR assays have been reported for detecting HAdVs using TaqMan probes (Table  2) . Primers and probes used in these published assays were evaluated based on typical guidelines for primer/probe design in order to identify suitable assays for this study. Results showed that the primer/probe set of JTVXF/JTVXP/JTVXR (forward primer, probe, and reverse primer, respectively) (26) fulfilled the most criteria. This primer/probe set has been suggested as being capable of amplifying the target HAdV hexon gene and can detect generic HAdVs (all 51 serotypes) (26) .
For specifically quantifying F species of HAdVs (serotypes 40 and 41), the TaqMan probe and reverse primer of a published primer/probe set (f-AD157/p-AD196/r-AD245) (24) were intentionally modified to enhance specificity and to overcome a few of the original biases (e.g., mismatches, short nucleotide length, and/or low annealing temperature for the probe). The adapted primers and probe satisfied nearly all the criteria and were assessed to be highly specific for HAdV40 and HAdV41 (no mismatch with the HAdV40 and HAdV41 hexon genes but having at least 5 to 16 mismatches with the other HAdVs at these primer and probe sites).
Based on observation of PCR amplification history (fluorescence curves accumulated during real-time PCR runs), significant inhibitory effects on amplification efficiency were noticed for both real-time PCR assays when the lake sample extracts were analyzed (data not shown). Specifically, fluorescence increases were much sharper for standards (diluted with PCRgrade water) than for lake samples. When standard solutions were diluted with negative samples (lake extracts without target templates showing no amplification signals in preliminary real-time PCR runs) to imitate matrix conditions of the lake extracts, the amplification efficiency decreased, and the fluo- (Fig. 1) . The shifts in Cp values increased as more negative extracts were added. Moreover, the inhibitory effects on the low-level standards (10 copies per PCR) seemed more significant than effects on the high-level standards (fluorescence increase was retarded more for the lower-level standards) (Fig. 1) . Concentrations of the target hexon gene were determined using calibration curves generated from the standards in negative extracts to account for matrix effects. The modified standard curve gave enumerated hexon gene concentrations at least 1 order of magnitude lower than those obtained by the original standard curve (prepared with PCR-grade water). HAdV occurrence at the recreational beaches. A total of 58 lake extracts were analyzed for overall HAdVs using the HAdV generic real-time PCR assay. Fourteen samples tested positive for HAdV (8 samples from Silver Beach and 6 from Washington Park Beach). The HAdV concentrations ranged from (1.7 Ϯ 0.7) ϫ 10 1 to (3.4 Ϯ 0.8) ϫ 10 2 and from (7 Ϯ 2) ϫ 10 0 to (3.8 Ϯ 0.3) ϫ 10 3 virus particles/liter for Silver Beach and Washington Park Beach, respectively ( Fig. 2 and 3) . Typically, HAdVs were detected at relatively low levels (Ͻ500 virus particles/liter) excluding a high peak (3.8 ϫ 10 3 Ϯ 0.3 ϫ 10 3 virus particles/liter) observed for the sample taken from Washington Park Beach on 6 September 2004 during the afternoon.
The 14 HAdV-positive samples were further examined for F species of HAdVs using the modified HAdV-F4041 real-time PCR assay. The F species HAdVs were detected in 3 of the 14 positive samples (1 from Silver Beach and 2 from Washington Park Beach) with average concentrations of (7.3 Ϯ 4.3) ϫ 10 1 , (4.8 Ϯ 0.8) ϫ 10 1 , and (4.6 Ϯ 1.5) ϫ 10 2 virus particles/liter ( Fig. 2 and 3 ). These F species HAdVs represented about 12 to 77% of overall HAdVs in the three lake samples. Sequencing results for the real-time PCR products purified from electrophoresis gel (with expected amplicon size of 88 to 89 bp) confirmed the presence of F species HAdVs in the positive samples.
In addition, all 58 lake samples were also analyzed by the ICC-PCR method. Using this assay, 24 samples were positive (16 from Silver Beach and 8 from Washington Park Beach). About 60% (35 samples) of ICC-PCR analyses agreed with the real-time PCR results; 6 samples that tested negative by the ICC-PCR were positive by the real-time PCR, and 17 samples were positive by ICC-PCR but were negative by real-time PCR (Table 3) . Silver Beach was more contaminated than Washington Park Beach when evaluated by both ICC-PCR and realtime PCR.
DISCUSSION
Inhibitory problems were noticed during the real-time PCR runs in this study. It has been reported that complex environmental samples like lake water may contain diverse PCR inhibitors including humic and fulvic acids (56) . Frequently, these PCR inhibitors cannot be completely removed through classical nucleic acid extraction procedures and often remain as contaminants in the final DNA and/or RNA preparations (36) . A decrease in amplification efficiency caused by environmental inhibitors had been documented for a real-time PCR assay used for detecting HAdVs seeded in secondary sewage effluent and creek waters (24) . Accordingly, it was deemed that the lake extracts in this study possibly contained environmental inhibitors. To eliminate such adverse components, we tried several approaches including application of LMP agarose during nucleic acid extraction (36) , extra ethanol washes prior to nucleic acid elution, further treatment for extracts using ethanol precipitation (45) , the InhibitEX tablet (Qiagen, Valencia, CA), and a nucleic acid binding matrix (Qbiogene Inc., Morgan Irvine, CA). However, none of these approaches consistently facilitated the real-time PCR amplification efficiency (data not shown). Other approaches such as optimizing the PCR conditions, diluting the lake extracts, and adding bovine serum albumin in the reaction mixture were also carried out in this study but still did not overcome the inhibitory problems. Alternatively, the real-time PCR standard solutions with matrix conditions resembling the lake extracts were used to quantify the target HAdV hexon gene. Seeking suitable resolution to surmount such inhibitory problems is still essential. An approach that can eliminate environmental inhibitors during the sample collection, concentration, elution steps, and/or nucleic acid extraction processes would improve PCR amplification efficiency.
In addition, reduced amplification for the HAdV generic real-time PCR assay may also be caused by sequence deficiencies in the JTVXF/JTVXP/JTVXR primers and probe. Based on sequence comparison, these primers and probe have nu- merous mismatches with the hexon genes of various HAdV species (Table 4 ). This defect may lead to different degrees of reduction in amplification efficiency even though Jothikumar et al. reported that the real-time PCR assay was able to detect all of the representative HAdVs (belonging to species A to F) under various detection limits (26) .
The HAdV concentrations at the two recreational beaches were at the level of 10 to 10 3 virus particles/liter. These concentrations may be underestimated because of the previously mentioned reduced amplification efficiency possibly resulting from mismatches at the primer and probe sites, especially if high-mismatch HAdV serotypes were dominant in the studied lake samples. In He and Jiang's study conducted on the primary and secondary treated sewage effluents (22) , the HAdV concentrations were at a level of 10 5 virus particles/liter based on a real-time PCR quantification targeting 14 different serotypes of HAdVs (22) ( Table 5 ). Another study found that the HAdV concentrations in the urban river of southern California ranged from 10 2 to 10 4 virus particles/liter (8). It is not surprising that the HAdV concentrations at the studied recreational lake beaches were lower than those in sewage and river water given the dilution that is apparent at Lake Michigan shorelines.
HAdVs were more frequently detected in early summer at Silver Beach but were found more often in the late summer at Washington Park Beach (Fig. 2 and 3) . Additionally, the HAdV occurrences during afternoon were not significantly higher (P value of Ͼ0.05) in general than those during morning (exclusive of the 6 September 2004 Washington Park Beach samples). This suggests that the HAdVs detected at the two lake beaches were less likely to have originated from an on-site contamination event related to infected humans during highpeak recreational activities. Instead, other sources such as municipal discharges from nearby cities or metropolitan areas (e.g., St. Joseph, Michigan City, or Chicago) may have introduced HAdVs at these two recreational lake beaches.
The outcomes of ICC-PCR testing did not correspond with the real-time PCR results in 40% of the samples (Table 3) . More samples tested positive using the ICC-PCR (24 samples) than when tested by HAdV generic real-time PCR (14 samples). This is likely due to the multiplication of infectious viruses in host cells that consequently increased the sensitivity of the PCR in the ICC-PCR tests. However, six samples tested negative by ICC-PCR but were positive by real-time PCR. This result could be attributed to two main reasons. First, the primers used in the ICC-PCR assay (hexAA1885/hexAA1913 and nehexAA1893/nehexAA1905) might be unable to amplify all 51 serotypes of HAdVs because of the mismatches (data not shown), and, second, the ICC-PCR only measured the infectious HAdVs whereas the real-time PCR assay might detect both infectious and noninfectious HAdVs in the lake samples.
Interestingly, both ICC-PCR and real-time PCR results showed that Silver Beach was more polluted than Washington Park Beach (Table 3) . Silver Beach is located at the mouth of the St. Joseph River, and HAdVs are likely able to survive in effluents of wastewater treatment plants discharged upstream in the river, survive sunlight inactivation, and be transported to the beach area. Washington Park Beach is located at the mouth of a creek, and the watershed of this creek is much smaller than the St. Joseph River's.
In conclusion, this study revealed the occurrence of HAdVs at recreational Great Lakes beaches using both real-time PCR and ICC-PCR analytical approaches. Application of the realtime PCR was able to quickly quantify the low levels of HAdVs (approximately 10 to 10 3 virus particles/liter) found at these two lake beaches. Cell culture PCR methods require several weeks to obtain results and make it much more difficult to process large numbers of samples simultaneously. The F species HAdVs (serotypes 40 and 41) detected in three lake samples should raise safety awareness in regard to utilizing recreational beaches in the Great Lakes basin since the HAdV40 and HAdV41 are critical etiological agents of viral gastroenteritis in children. 
